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Synaptic transmission: Spillover at central synapses
Emily P. Huang
Recent studies suggest that transmitter molecules
released at central synapses sometimes diffuse long
enough distances to activate receptors located outside
the synaptic cleft or even in neighboring synapses. This
transmitter ‘spillover’ may have important physiological
consequences.
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Neurobiologists take largely for granted the independent
character of the synapses that mediate fast transmission in
the brain. In experiment and theory alike, most treat these
synapses as private channels of communication, in which
only directly apposed postsynaptic receptors detect the
release of transmitters such as glutamate, acetylcholine,
glycine and γ-amino-butyric acid (GABA). Recent studies,
however, suggest that, in two different central synapses,
released transmitter molecules activate receptors located
outside the synaptic cleft [1–3]. These results challenge
the notion of strict specificity in fast synaptic transmission.
Because transmitter molecules must ‘spill’ — diffuse — out
of the synaptic cleft for this type of activation to occur,
researchers have termed this phenomenon ‘spillover’. Rene-
gade transmitter molecules could potentially activate recep-
tors located extrasynaptically, for example on presynaptic
fibers, or even in neighboring synapses (Figure 1). In the
latter case, transmitter molecules released at one synapse
would generate ‘crosstalk’ with nearby synapses, a scenario
that seems contrary to the contained structure of central
synapses. A number of fast-transmitter synapses in the
brain, however, have properties that may favor crosstalk;
these synapses might be very closely packed to facilitate
transynaptic interactions or confined within larger structures
to contain transmitter diffusion. 
Any synapse likely to participate in crosstalk must express
receptors with high transmitter affinity, as the processes of
diffusion and uptake will greatly dilute the concentration
of transmitter travelling from one synapse to the next
[4,5]. Many neurons express receptors with high transmit-
ter affinity both within and without the synaptic cleft.
Indeed, the very existence of transmitter receptors in
places where transmitter is not released is suggestive; if
these receptors are to have a function, runs this argument,
transmitter must spill over to reach them.
Despite this reasoning, only scattered evidence supports
the existence of spillover and crosstalk at central synapses.
Recent studies, however, may nudge these potentially
important phenomena into the research mainstream. For
example, Rossi and Hamann [3] examined the inhibitory
(GABA-releasing) synapses made by Golgi neurons onto
granule cells in the cerebellar cortex. These synapses have
several features favoring spillover. Cerebellar granule cells
receive excitatory input from mossy fibers, and each
mossy fiber terminal is surrounded by a glomerulus of
granule cell dendrites. Golgi neurons make their synapses
onto granule cell dendrites within these glomeruli, which
are wrapped in glial sheaths to provide a closed environ-
ment. Furthermore, granule cells express a particular
GABA receptor subunit, the α6 subunit, that forms recep-
tors with exceptionally high affinity for GABA [6].
Granule cells exhibit tonic inhibition, and researchers
have previously proposed this activity reflects receptor
activation by GABA spillover from Golgi–granule synapses
[7]. Rossi and Hamann [3] formally addressed this ques-
tion by recording the postsynaptic current responses of
granule cells to GABA release from Golgi synapses. They
compared current responses to two types of transmitter
release event: release evoked by electrical stimulation of
Golgi axon terminals, and spontaneous release. By its very
nature, a spontaneous release event generally reflects
release from a single terminal, whereas stimulation may
evoke simultaneous release from multiple terminals. Rossi
and Hamann found that the responses to these two types
of event were somewhat different: synaptic responses to
spontaneous events decayed quickly, but responses to
Figure 1
Transmitter spillover and crosstalk between neighboring synapses. The
synapse on the left releases transmitter, activating postsynaptic
receptors (green). Transmitter molecules that diffuse away from the
synaptic cleft can activate extrasynaptic receptors (blue) and
postsynaptic receptors of a nearby synapse.
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evoked release often included a slow-rising, slowly decay-
ing current in addition to the fast current. This additional
response to evoked release suggests that receptors are
activated by GABA molecules diffusing from a remote,
stimulated synapse — that is, spillover.
Rossi and Hamann [3] also found that specifically block-
ing the α6-containing GABA receptor diminished the slow
component of evoked currents. This result suggests that
high-affinity receptors mediate the slow component and is
consistent with the notion that this component reflects
detection of diffuse, rather than concentrated, transmitter.
Finally, they examined evoked currents in the presence of
a selective GABA uptake transporter antagonist. In princi-
ple, transmitter uptake by transporters is one of the major
factors limiting spillover from the synaptic cleft; blocking
uptake should therefore enhance spillover and any of its
consequential effects. Indeed, Rossi and Hamann found
that application of a GABA uptake transporter antagonist
made the slow component decay even more slowly, while
leaving the fast component unaffected. Interestingly,
GABA spillover has also been documented in the hip-
pocampus [8], where GABA acts in part via presynaptic
receptors on excitatory nerve terminals. The idea that
spillover has a role in inhibitory modulation thus appears
to be gaining ground. 
The contention that spillover occurs at excitatory central
synapses is controversial, however. Most excitatory
synapses in the brain release glutamate, and at glutamater-
gic synapses a unique situation exists in which two distinct
types of glutamate receptor channel mediate transmission:
AMPA receptors generate fast inward currents and have a
low affinity for glutamate, whereas NMDA receptors have
slower kinetics, high affinity for glutamate, and an unusual,
voltage-dependent block which allow them to pass current
only when the cell is depolarized. In the traditional view of
glutamatergic transmission at cortical synapses, these two
receptor types are colocalized at synapses and detect essen-
tially the same release events. But NMDA receptors appear
to detect more transmitter release events than AMPA
receptors [1,9]: for example, if one stimulates synapses on a
hippocampal CA1 neuron at a very low intensity while
recording its responses, one observes events in which the
presynaptic terminals fail to release transmitter. The fre-
quency of these ‘failures’ depends markedly on whether
one isolates AMPA-receptor-mediated or NMDA-receptor-
mediated responses; NMDA receptors generally detect
fewer failures, or release events, than AMPA receptors.
This observation indicates that released glutamate
somehow activates NMDA receptors without also activat-
ing AMPA receptors, and two distinct hypotheses may
account for this. One is that a number of excitatory
synapses contain only NMDA receptors and are ‘silent’
because they have no AMPA response [9]. Another is that
released glutamate spills over and diffuses to surrounding
synapses, activating high-affinity NMDA receptors but
not low-affinity AMPA receptors [1]. In support of the
latter idea, the discrepancy in release-event detection
between AMPA receptors and NMDA receptors is consid-
erably greater at room temperature than at physiological
temperature, where it nearly disappears [2,10]. This fits
with the known temperature-dependence of glutamate
uptake [11]: relatively slow transmitter uptake at room
temperature could result in glutamate spillover, an effect
that would be abolished at physiological temperature,
where uptake functions normally.
The functional implications of transmitter spillover
depend on the particular synapse in question. For the
Golgi–granule cell synapse, GABA spillover persists at
physiological temperature, indicating this phenomenon
may be important in vivo. In this case, spillover appears to
provide tonic inhibition of granule cell activity as a result
of the long time-course of transmitter diffusion and subse-
quent receptor activation. This tonic inhibition may act to
filter the granule cell output in response to mossy fiber
input by reducing excitability [7]; feedback onto Golgi
neurons may in turn regulate the level of GABA output.
This example illustrates some of the potential uses of
spillover: activation of distant or extrasynaptic receptors,
signal divergence and amplification without the cost of
additional release apparatus, and background modulation.
Spillover thus expands the role of fast transmitters to
include functions more typically associated with slow
synaptic transmission.
The notion of crosstalk, however, undermines the tradi-
tional understanding that synapses function indepen-
dently, and has consequences for our understanding of
how neuronal circuits operate. Researchers must carefully
evaluate the existence of crosstalk in each synaptic
system. In the case of hippocampal excitatory synapses,
the question of whether crosstalk occurs, particularly at
physiological temperatures, is far from settled. Yet even if
synapses in the hippocampus do not engage in crosstalk in
vivo, the issue remains important because studies of hip-
pocampal synapses are often performed at room tempera-
ture, and crosstalk may affect the interpretation of results. 
One possible example of this concerns long-term potentia-
tion (LTP), a form of synaptic plasticity expressed in hip-
pocampal and cortical neurons. Researchers strongly
disagree on the mechanisms underlying LTP. Recent
studies have observed that the increase in synaptic
strength associated with LTP appears greater when mea-
sured by the change in AMPA response than by the
change in NMDA response [1,2,9]. Some researchers
therefore postulate that LTP arises from the insertion or
upregulation of AMPA receptors at the postsynaptic mem-
brane [9]. Others have shown evidence that crosstalk
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dilutes the measured LTP of NMDA responses [1,2]; in
that case, LTP may involve a mechanism that affects
NMDA and AMPA responses more equally, such as an
increase in presynaptic transmitter release.
The debate over crosstalk in excitatory synapses has
inspired attempts to model glutamate diffusion in the hip-
pocampus [4,5]. These models attempt to evaluate the
plausibility of crosstalk, taking into account the geometry
of the synaptic environment, the effects of transporter
uptake, and the kinetics of receptor activation. The
results, however, depend on the value of various unknown
constants, and different estimates have yielded rather dif-
ferent conclusions. For many other types of central
synapse, the relevant data are even less well understood.
So although new studies have given us much food for
thought, we clearly have far to go before we understand
the role of transmitter spillover in the brain.
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